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(57) ABSTRACT

A high-strength dual-scale structure titantum alloy, a prepa-
ration method therefor, and an application thereof, belong-
ing to the technical field of alloy processing. The composi-
tion system of the titantum alloy 1s Ti—Nb—Cu—Co—Al,
the atomic percentage of the various elements being
58~70% Ti1, 9~16% Nb, 4~9% Cu, 4~9% Co, and 2~8% Al.
The microstructure comprises a dual-scale coexistence of
micro-crystal 1sometric bee 3-T1 and ultra-fine crystal 1so-
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metric bce p-T1, and a dual-scale coexistence of micro-
crystal strip fcc CoTi, and ultra-fine crystal 1sometric fcc
CoT1,, or an ultra-fine crystal strip icc CoTi1, twin crystal 1s
distributed along a boundary of a dual-scale substrate, the
dual-scale substrate being a nano needle-shaped martensite
a' phase dispersed within micro-crystal bce p-Ti. The
mechanical properties of the titanium alloy are significantly
improved, and the titantum alloy may be used 1n fields such
as aerospace and aviation, weaponry and sports equipment.

7 Claims, 2 Drawing Sheets
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HIGH-STRENGTH DUAL-SCALE
STRUCTURE TITANIUM ALLOY,
PREPARATION METHOD THEREFOR, AND
APPLICATION THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s the U.S. National Stage of International Applica-
tion No. PCT/CN2016/111020 filed Dec. 20, 2016, which

was published in Chinese under PCT Article 21(2), which in
turn claims the benefit of China Patent Application No.
201510742842.9, filed Nov. 3, 2015.

FIELD OF THE INVENTION

The mvention relates to the technical field of the alloy

materials, and 1n particular to a high-strength bimodal struc-
ture titantum alloy, a preparation method and an application
thereof.

BACKGROUND OF THE INVENTION

As an mmportant structural metal developed from the
19350s, titamium alloy has been widely used in the chemical
industry, automobile, healthcare, aerospace and other fields
because of its low density, high strength, high heat-resis-
tance and good corrosion resistance. As titanium alloy 1s an
important engineering structural material, the achievement
of a titanium alloy with a higher strength and toughness to
meet the application 1n more demanding conditions has
become the eternal goal of scientific researchers. Effectively
improving the preparation process of titamium alloy, and
accurately regulating the microstructure (phase types, scale,
morphology and distribution) of titanium alloy have been
regarded as the most two eflective ways to improve the
strength and toughness of titanium alloy by the majority of
researchers.

At present, He et al. reported a method to obtain a
high-strength dual-scale titamium alloy by changing the
microstructure in Nature. They obtained a series of bimodal
structure titanium alloy with a fcc nano-crystalline matrix+
micrometer-crystalline ductile bcc 3-1T1 dendrites by the
copper mold casting. The formation mechanism of this
bimodal structure 1s as follows: during the melt alloy cooling
process from the high melting temperature, a part of the
liquid phase 1n the semi-solid temperature range preferen-
tially solidifies and precipitates as a bee 3-11 phase with a
high melting point, bee 3-11 grows mto micrometer dendrite
crystals after a suflicient holding time, and the remaining
liquid phase forms a fcc nano-crystalline matrix during
subsequent rapid cooling and solidification process. In the
deformation process, the fcc nano-crystalline matrix in the
formed bimodal structure titanium alloy provides a super
high strength for the material, while the ductile micrometer
bce B-T1 dendrites contributes a high plasticity of the mate-
rial with a fracture strength greater than 2000 MPa and a
fracture strain greater than 10%. Then, more and more
high-strength bimodal titanium alloy systems with such a
system structure of a nano-crystalline matrix+micrometer
dendrites have been reported continuously. However, there
also are two defects 1n this method: firstly, since the five
clement compositions easily form intermetallic compounds
oflsetting the enhancement eflects of the dendriting and
deteriorating the ductility of materials, this method to pre-
pare the bimodal structure has a narrow selection range of
compositions; secondly, the copper mold casting has an
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extremely high requirement of a cooling rate, as a result the
s1ze ol these high-strength bimodal structure titanium alloy
prepared 1s generally a few millimeters. The above two
factors have become major bottlenecks limiting the practical
application of these high-strength bimodal structure titanium
alloy.

As an alternative to the forming technology, the powder
metallurgy can be used to prepare materials with character-
istics of a uniform composition, a high material utilization
rate and near net shaping, it 1s easy to prepare a high-strength
alloy with ultrafine crystals/nanometer crystals and com-
monly used 1n the preparation of the alloy components with
a large size and a complex shape. In recent years, with the
intersection and integration of disciplines, a series of semi-
solid processing technologies of powder consolidation pro-
cessing combining extrusion, forging and rolling and etc,
have come into being. However, up to now, the semi-solid
processing technology has mainly focused on the alloy
systems with a low melting point such as an aluminum alloy
and a magnesium alloy. Since the preparation produces of
semi-solid slurry or blank required in the semi-solid pro-
cessing 1s relatively complex, 1t 1s diflicult to prepare the
semi-solid metal alloy with a high melting point, which
greatly limits the potential developments of the semi-solid
processing technology and restricts the application range of
the alloy systems of related technology. In addition, the sizes
of microstructure crystals of the alloy prepared by the
existing semi-solid processing process are very coarse (usu-
ally tens of microns or more), 1t 1s dithcult to obtain the
crystalline refined microstructure such as ultrafine crystals
or nano-crystals, and 1t 1s impossible to prepare the bimodal
or multi-scale structure.

In view of this, on the basis of the titanium alloy systems
used 1n the above copper mold casting method, the research
group proposes a series of high strength titantum alloy (the
strength greater than 2500 MPa and the fracture strain
greater than 30%) by a powder consolidation and amorphous
crystalline method based on amorphous crystallization
theory. The mechanism of this preparation method 1s: firstly
preparing an amorphous/nano-crystalline composite powder
by an mechanical alloying method, then solidifying and
forming the amorphous/nano-crystalline composite powder
by a powder consolidation method, preferentially precipi-
tating the bcc P-T1 from the amorphous/nano-crystalline
composite powder during the heating process, then precipi-
tating a fcc second phase, finally forming the equiaxed
ultrafine crystalline 3-T1 matrix+second equiaxed ultrafine
crystalline fcc phase composite structure. The method 1s not
limited by the cooling rate, and it can be used to prepare an
alloy with a large-size block and also having more excellent
mechanical properties. It 1s to be noted that the dual-scare
structure of a fcc nano-crystalline matrix+micrometer crys-
talline (3-T1 dendrites prepared above by the copper mold
casting method has to be kept 1n a temperature for a period
of time 1n a semi-solid temperature range (that 1s, a solid-
liquid coexistence interval), then be rapidly cooled to obtain
a two-scale structure. Also a large number of studies have
shown that the melting point of bee B-T1 with a high melting
point 1s usually higher than 1943 K and the melting point of
fcc phase with a low melting point 1s usually lower than
1500 K, that 1s, 1n the two temperature ranges, the alloy 1s
in a wide half-solidation temperature range. However, 1n the
above-mentioned powder consolidation+amorphous crystal-
lization method to prepare the above equiaxed ultrafine
crystalline 3-T1 matrix+equiaxed ultrafine fcc second phase
composite structure, the sintering temperature 1s always
smaller than the alloy melting temperature; at the same time,
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since the growths of two phases of bce p-T1 and fcc are both
solid-solid transformation, the thermodynamic growth con-

ditions thereol are basically the same, bimodal structure
cannot be prepared.

In conclusion, 1f the above amorphous/nano-crystalline
powder having two phases of bce p-T1 and {cc crystals were
melted at a melting temperature higher than the melting
point of fcc phase with a low melting point and lower than
bce 3-T1 temperature with a high melting point; that 1s, 1f
they were sintered 1n the semi-solid temperature range of the
alloy, by reasonably regulating the sintering temperature,
sintering pressure, holding time, cooling rate and other
process parameters of the semi-solid sintering process, a
new high-strength bimodal structure would finally be pre-
pared, which differs from the dual-scare structure of nano-
crystalline matrix+micrometer dendrites prepared by copper
mold casting, at the same time differs from the equaxed
ultrafine crystalline composite structure by the powder con-
solidation+amorphous crystallization method. This has an
important theoretical and engineering significance to
develop a new high-performance new-structure titanium
alloy material and net near forming engineering components
to meet the industrial applications.

CONTENTS OF THE INVENTION

Based on the above prior art, a first object of the present
invention 1s to provide a high-strength bimodal structure
titanium alloy.

Another object of the present imnvention 1s to provide a
preparation method for the above high-strength bimodal
structure titanium alloy.

A Turther object of the present invention is to provide an
application of the above high-strength bimodal structure
titanium alloy.

The object of the present invention 1s achieved by the
tollowing technical solution.

A high-strength bimodal structure titanium alloy, wherein
the composition system of the titanium alloy 1s Ti-MR-Ma-
Mb-Mc, wherein MR 1s an element Nb, Ta, Mo or V
stabilized 1n the 3-T1 phase and improving the melting point
of p-T1; Ma-Mb 1s elements Cr—Co, Cu—Co, Cu—Ni,
Fe—Co, Fe—In, Fe—V, Fe—Ga, Fe—Sn or FeGa which
are solid dissolved with each other; Mc 1s an element Al, Sn,
Ga, In, B1 or Sb stabilized 1n the o-Ti phase; the micro-
structure comprises two-phase structures with both coexis-
tence and distribution of two scales, that 1s, the bimodal
coexistence of the micrometer crystalline equiaxed bee 3-T1
and the ultrafine crystalline equiaxed bce p-T1, as well as the
bimodal coexistence of the micrometer crystalline fcc
MbT1, and the ultrafine crystalline equiaxed fcc Mb1Ti,; or
the microstructure comprises the ultrafine crystalline fcc
Mb'T1, twin distributed along the boundary of the bimodal
matrix, and the bimodal matrix 1s the micrometer crystalline
bee 3-T1 with dispersive distribution of a nanometer acicular
martensite o' phase.

Preferably, the high-strength bimodal structure titanium
alloy according to claim 1, characterized in that the com-
position system of the titanium alloy 1s Ti—Nb—Cu—Co—
Al, the percentages of the various atom eclements are Ti
58~70 at. %, Nb 9~16 at. %, Cu 4~9 at. %, Co 4~9 at. %,
Al 2~8 at. %, and unavoidable micro-impurities; the micro-
structure comprises two-phase structures with both coexis-
tence and distribution of two scales, that 1s, the bimodal
coexistence of the micrometer crystalline equiaxed bee 3-Th
and the ultrafine crystalline equiaxed bce p-T1, as well as the
bimodal coexistence of the micrometer crystalline strip fcc
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CoT1, and the ultrafine crystalline equiaxed fcc Co'li,; or the
microstructure comprises the ultrafine crystalline fcc CoTi,
twin distributed along the boundary of the bimodal matrix,
and the bimodal matrix 1s the micrometer crystalline bcc
3-T1 with dispersive distribution of a nanometer acicular
martensite ' phase.

The preparation method for said high-strength bimodal
structure titamium alloy, characterized in that the method
comprising the following steps:

(1) mixing powder: designing the ingredients of alloy
according to the principle of two crystalline phases fcc of
CoT1, and bee 3-T1 having different melting points, formu-
lating the elemental powder according to the percentage,
then uniformly mixing same;

(2) preparing the alloy powder by high energy ball mill-
ing: placing the uniformly mixed powder in an inert-atmo-
sphere protected ball mill for high-energy ball milling, until
forming the alloy powder with a nano-crystalline or amor-
phous structure, conducting thermal analyses of the ball
milling alloy powders, confirming the characteristic tem-
perature of the melting peak of fcc phase with a low melting
point and the characteristic temperature of bce p-T1 with a
high melting point in the alloy powder during the heating
process, including the starting melting temperature, the peak
melting temperature and the ending melting temperature;

(3) semisolid sintering alloy powder: placing the alloy
powder 1n step (2) into a mold for sintering, the sintering
process comprise three stages: @ increasing the tempera-
ture to a temperature lower than the starting melting tem-
perature of the fcc phase with a low melting point under the
sintering pressure, and conducting a densification sintering
process of the alloy powder; @ sequentially increasing the
temperature to semisolid sintering temperature T, where the
starting melting temperature of the melting peak of the icc
phase with a low melting point<T <the temperature of the
melting peak of bce p-T1 with a ligh melting point, and
conducting semi-solid sintering process under the sintering
pressure of 10~500 MPa for 10 min~2 h; @ keep the
pressure and cooling to room temperature to obtain a high-
strength bimodal structure titanium alloy.

Preferably, the particle size of said elemental powder 1n
step (1) 1s 20~100 um.

Preferably, said high-energy ball milling 1n step (2) refers
to the ball milling with a speed of 2~6 /s for 1~100 h, and
the ratio of ball material 1s 7:1~12:1.

Preferably, said mold 1n step (3) 1s a graphite mold, and
sintering pressure 1s 10~100 MPa.

Preferably, said mold 1n step (3) 1s a tungsten mold, and
sintering pressure 1s 60~500 MPa.

Preferably, said cooling to the room temperature in step
(3) refers to direct cooling with the furnace or cooling with
a adjusted cooling rate of 10~250° C./min.

The use of said high-strength bimodal structure titanium
alloy 1n the aerospace, weapons, or sports equipment (Such
as a high-strength alloy material with a larger size, a
complex shape, or suitable for engineering applications, and
nearly net forming parts thereof, such as gears, thin-wall
tube, armor, goli head and etc.).

The preparation method and the product obtained there-
from have the following advantages and good technical
ellects:

(1) In the present invention, the microstructure of the
material 1s regulated by the combined technology of the
powder metallurgy and the semi-solid processing. The
microstructure comprises two phase structures with bimodal
coexistence distribution, that 1s, the bimodal coexistence of
the micrometer crystalline equiaxed bec 3-11 and the ultra-
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fine crystalline equiaxed bcc 3-T1, as well as the bimodal
coexistence of the micrometer crystalline strip fcc CoT1, and
the ultrafine crystalline equiaxed fcc CoTi,; or the micro-
structure comprises the ultrafine crystalline fcc CoTi, twin
distributed along the boundary of the bimodal matnx, and

the bimodal matrix 1s the micrometer crystalline bee [-Ti
with a dispersive distribution of nanometer acicular marten-
site ' phase; 1n order to obtain a new high-strength dual-
scare structure titanium alloy. The compressive strength and
plasticity of the optimum alloy reach up to 3139 MPa and
42.3% respectively, the comprehensive mechanical proper-
ties of the alloy are much higher than those of the bimodal
titanium alloy with the nano-crystalline matrix+ductile
micrometer p-T1 dendrite crystalline structure by copper
mold casting.

(2) The semi-solid sintering preparation process in present
invention 1s the interdisciplinary subject of the powder
metallurgy and the semi-solid processing, which overcomes
the defect that the traditional semi-solid processing technol-
ogy only producing coarse crystalline structure, and extends
the traditional powder metallurgical solid-solid forming to
the new semi-solid powder metallurgical sintering process
with solid-liquid coexistence. The multi-scale coexistence
structures of nano-crystals/ultrafine-crystals and microm-
eter-crystals can be prepared by a variety of alloy systems
with a high melting point such as a titanium alloy, so that the
preparation method of the invention broadens the applica-
tion range of alloys for semi-solid processing process.

(3) The solid-liguid coexistent semi-solid alloy obtained
in the present invention has the advantages of a small
viscosity, being easy rheology and easy forming, so that 1t
can be used for preparing parts with a complex shape by near
net shaping such as gears, thin-walled tubes, armors and golf
ball heads. The obtained high-strength bimodal structure
titanium alloy 1s larger 1n size, the finally obtained compo-
nents do not need processing or only requires a small amount
of processing, the molds can be reasonably designed to form
the complex components directly; as a result the present
invention provides a new method for forming the net shape
shaping components.

(4) The forming method of present invention combined
the powder metallurgy and the semi-solid sintering technol-
ogy has the advantages of simple and practical molds,
convenient operations, a high product yield, saved raw
materials and the near net shaping; at the same time, the size

of the formed alloy material can be regulated by molds, the
internal interface i1s clean and 1ts crystal sizes are control-

lable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a scanming electron microscope image of the
structure of the high-strength bimodal structure titanium
alloy prepared in example 1.

FIG. 2 1s a scanning electron microscope image and a
transmission electron microscope 1mage of the structure of
the high-strength bimodal structure titanium alloy prepared
in example 2.

FIG. 3 1s a stress-strain curve of the structure of the
high-strength bimodal structure titanium alloy prepared in
example 1.
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DESCRIPTION OF EXAMPLE EMBODIMENTS
OF THE INVENTION

The present invention will be further described 1n detail
below with reference to examples and figures; however, the
embodiments ol the present invention are not limited
thereto.

Example 1

(1) Mixing powder: according to the principle of two
crystalline phases fcc of CoTi, and bce B-T1 having dis-
tinctly different melting points, choosing Ti, (Nb,,
Cu. ,Co Al - (atom percentage) as the alloy compositions,
formulating the powder ingredients in the mass ratio of the
selected alloy system; selecting particles with a size of 75
um 1n this example to prepare an element powder by an
atomization method, then uniformly mixing the elemental
powder 1n the powder mixer.

(2) Preparing the alloy powder by high energy ball
milling:

placing uniformly mixed powder in the argon-protected
planetary ball mill (QM-2SP20) for high-energy ball mill-

ing, wherein the tank body, the grinding-ball materials and
other milling mediums are all made of stainless steel, the
diameters of the grinding balls are 15, 10 and 6 mm
respectively, and the weight ratio 1s 1:3:1. The process
parameters of the high-energy ball milling are as follows:
introducing high purity argon (99.999%, 0.5 MPa) 1nto the
ball milling talk, the ratio of ball to matenials 1s 7:1, the
speed 1s 3 1/s, taking out 3 g powder form the argon-
protected glove box to carry out X-ray Diflraction and
differential scanning calorimetry (DSC) tests every 10 h.
After 90 h of milling time, the results of X-ray diffraction
and transmission electron microscopy analyses show that the
powder structures after 90 h milling are an amorphous
phase/3-11 nano-crystalline composite powder, the results of
DSC analysis shows that the melting temperature of the
melting peak of tcc Co'T1, phase 1n the powder atter 90 h ball
milling 1s 1138° C., and the melting point of bcec B-T1 1s
usually higher than 1670° C. (1943K) and cannot be
reflected by the DSC curve since the test temperature of the
DSC equipment can only reach up to 1300° C. Nevertheless,
it still can be confirmed that the alloy enters the semi-solid
zone when the sintering temperature 1s between 1138° C.
and 1670° C.

(3) Semisolid sintering alloy powder: taking 20 g of the
prepared alloy powder, placing 1t into a graphite sintering
mold with a diameter of @20 mm, wrapping the powder with
tantalum paper to prevent the reaction with impurities, firstly
pre-pressing the alloy powder to 50 MPa by the positive and
negative graphite electrode, pumping vacuum to 107~ Pa,
and then introducing high purity argon gas for protection;
and fast sintering by a pulsed current, the process conditions
are as follows:

sintering equipment: Dr. Sintering SPS-825 spark plasma
sintering system

sintering processing: pulsed current

duty ratio of the pulsed current: 12:2

sintering temperature T_: 1150° C.

sintering pressure: 30 MPa

sintering time: increasing the temperature to 1100° C. for
11 minutes under the 30 MPa pressure, then increasing the
temperature to 1150° C. for 1 minutes, keeping the tempera-
ture for 5 minutes, followed by cooling it to room tempera-
ture with the furnace.




US 11,072,841 B2

7

Obtaining a high-strength bimodal structure titanium
alloy material by sintering with a diameter of ®20 mm (the
larger the size of the mold, the greater the size of the
prepared alloy materials), and a density of 5.5 g/cm”.

A high-strength bimodal structure titanium alloy 1s
obtained 1n this example. The bimodal structure is the
coexistence of the ultrafine crystalline equiaxed bee 3-T1 and
the micrometer crystalline equiaxed p-T1, as well as the
coexistence of the ultrafine crystalline equiaxed fcc CoTi,
and the micrometer crystalline strip Co'l1,, which 1s different
from the dual-scare structure reported of titanium alloy 1n
current reports. The compressive stress and strain tests show
that the compressive fracture strength and fracture strain of
the high-strength bimodal structure titanium alloy are 2486
MPa and 37% respectively.

Example 2

(1) Mixing powder: According to the principle of two
crystalline phases of fcc CoTi, and bce p-T1 having dis-
tinctly diflerent melting points, choosing Ti.s (Nb,; Cus ,
Co Al . (atom percentage) as the alloy compositions, for-
mulating the powder ingredients in the mass ratio of the
selected alloy system; particles with a size of 75 um 1n this
example are selected to prepare an element powder by an
atomization method, then uniformly mixing the elemental
powder 1n the powder mixer.

(2) Preparing the alloy powder by high energy ball
milling:

placing uniformly mixed powder in the argon-protected
planetary ball mill (QM-2SP20) for high-energy ball muill-
ing, wherein the tank body, the grinding-ball materials and
other milling mediums are all made of stainless steel, the
diameters of the grinding balls are 15, 10 and 6 mm
respectively, and the weight ratio 1s 1:3:1. The process
parameters of the high-energy ball milling are as follows:
introducing high purity argon (99.999%, 0.5 MPa) into the
ball milling talk, the ratio of ball to materials 1s 7:1, the
speed 1s 3 r/s, taking out 3 g powder form the argon-
protected glove box to carry out X-ray Diflraction and
differential scanning calorimetry (DSC) tests every 10 h.
After 90 h of milling time, the results of X-ray difiraction
and transmission electron microscopy analyses show that the
powder structures after 90 h milling are an amorphous
phase/3-T1 nano-crystalline composite powder, the results of
DSC analysis shows that the melting temperature of the
melting peak of fcc CoTi, phase 1n the powder after 90 h ball
milling 1s 1138° C.

(3) Semisolid sintering alloy powder:

taking 20 g of the prepared alloy powder, placing 1t into
a graphite sintering mold with a diameter of ®20 mm,
wrapping the powder with tantalum paper to prevent the
reaction with impurities, firstly pre-pressing the alloy pow-
der to 50 MPa by the positive and negative graphite elec-
trode, pumping vacuum to 10* Pa, and then introducing
high purity argon gas for protection; and fast sintering by a
pulsed current, the process conditions are as follows:

sintering equipment: Dr. Sintering SPS-825 spark plasma
sintering system

sintering processing: pulsed current

duty ratio of the pulsed current: 12:2

sintering temperature T : 1250° C.

sintering pressure: 30 MPa

sintering time: icreasing the temperature to 1200° C. for
12 minutes under the 30 MPa pressure, then increasing the
temperature to 1250° C. for 1 minutes, keeping the tem-
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perature for 5 minutes, followed by cooling 1t to room
temperature with the furnace.

Obtaining a high-strength bimodal structure titanium
alloy matenial by sintering with a diameter of ®20 mm (the
larger the size of the mold, the greater the size of the
prepared alloy materials), and a density of 5.6 g/cm”.

It 1s shown as FIG. 2 that the scanning electron micro-
scope 1mage (left) and transmission electron microscope
image (right) ol a high-strength bimodal structure titanium
alloy obtained 1n this example. It can be seen from FIG. 2
that the microstructure comprises the ultrafine crystalline fcc
CoT1, twin distributed along the boundary of the bimodal
matrix. The bimodal matrix 1s the micrometer crystalline bec
3-T1 with dispersive distribution of nanometer acicular mar-
tensite o', which 1s different from the dual-scare structure of
titanium alloy 1n current reports. As shown in FIG. 3, the
compressive fracture strength and fracture strain are 3139
MPa and 42.3% respectively, which 1s superior to the
mechanical properties of titanium alloys in current reports.

Example 3

(1) Mixing powder: According to the principle of two
crystalline phases of fcc CoTi, and bee 3-T1 having dis-
tinctly different melting points, choosing Ti.Nb, . Cug
Co Alg (atom percentage) as the alloy compositions, formu-
lating the powder ingredients in the mass ratio of the
selected alloy system; particles with a size of 70 um 1n this
example are selected to prepare an element powder by an
atomization method, then uniformly mixing the elemental
powder 1n the powder mixer.

(2) Preparing the alloy powder by high energy ball
milling:

placing uniformly mixed powder in the argon-protected
planetary ball mill (QM-2SP20) for high-energy ball mall-
ing, wherein the tank body, the grinding-ball materials and
other milling mediums are all made of stainless steel, the
diameters of the grinding balls are 15, 10 and 6 mm
respectively, and the weight ratio 1s 1:3:1. The process
parameters of the high-energy ball milling are as follows:
introducing high purity argon (99.999%, 0.5 MPa) into the
ball milling talk, the ratio of ball to matenials 1s 7:1, the
speed 1s 6 r/s, taking out 3 g powder form the argon-
protected glove box to carry out X-ray Diflraction and
differential scanning calorimetry (DSC) tests every 10 h.
After 100 h of milling time, the results of X-ray diffraction
and transmission electron microscopy analyses show that the
powder structures after 100 h milling are an amorphous
phase/3-11 nano-crystalline composite powder, the results of
DSC analysis shows that the melting temperature of the
melting peak of fcc CoTi, phase 1n the powder after 100 h
ball milling 1s 1156° C.

(3) Semisolid sintering alloy powder:

taking 20 g of the prepared alloy powder, placing it into
a graphite sintering mold with a diameter of ®20 mm,
wrapping the powder with tantalum paper to prevent the
reaction with impurities, firstly pre-pressing the alloy pow-
der to 50 MPa by the positive and negative graphite elec-
trode, pumping vacuum to 107> Pa, and then introducing
high purity argon gas for protection; and fast sintering by a
pulsed current, the process conditions are as follows:

sintering equipment: Dr. Sintering SPS-8235 spark plasma
sintering system

sintering processing: pulsed current

duty ratio of the pulsed current: 12:2

sintering temperature T _: 1200° C.

sintering pressure: 100 MPa
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sintering time: increasing the temperature to 1100° C. for
11 minutes under the 100 MPa pressure, then increasing the
temperature to 1200° C. for 1 minutes, keeping the tem-
perature for 5 minutes, followed by cooling 1t to room
temperature with the furnace.

Obtaiming a high-strength bimodal structure titanium
alloy material by sintering with a diameter of ®20 mm (the
larger the size of the mold, the greater the size of the
prepared alloy materials), and a density of 5.6 g/cm”.

A high-strength bimodal structure titanium alloy 1s
obtained 1n this example. The bimodal structure is the
coexistence of the ultrafine crystalline equiaxed bee p-T1 and
the micrometer crystalline equiaxed [3-T1, as well as the
coexistence of the ultrafine crystalline equiaxed fcc CoTi,
and the micrometer crystalline strip CoT1, which 1s different
from the dual-scare structure of titanium alloy in current
reports. The compressive stress and strain tests show that the
compressive Iracture strength and fracture strain of the
high-strength bimodal structure titanium alloy are 2687 MPa
and 36% respectively.

Example 4

(1) Mixing powder: According to the principle of two
crystalline phases of fcc CoTi, and bce p-T1 having dis-
tinctly different melting points, choosing Ti,,Nb, Cu,,
Co, JAl, (atom percentage) as the alloy compositions, for-
mulating the powder ingredients in the mass ratio of the
selected alloy system; particles with a size of 75 um 1n thas
example are selected to prepare an element powder by an
atomization method, then uniformly mixing the elemental
powder 1n the powder mixer.

(2) Preparing the alloy powder by high energy ball
milling:

placing uniformly mixed powder in the argon-protected
planetary ball mill (QM-2SP20) for high-energy ball mill-
ing, wherein the tank body, the grinding-ball materials and
other milling mediums are all made of stainless steel, the
diameters of the grinding balls are 15, 10 and 6 mm
respectively, and the weight ratio 1s 1:3:1. The process
parameters of the high-energy ball milling are as follows:
introducing high purity argon (99.999%, 0.5 MPa) 1nto the
ball milling talk, the ratio of ball to materials 1s 7:1, the
speed 1s 6 r/s, taking out 3 g powder form the argon-
protected glove box to carry out X-ray Diflraction and
differential scanning calorimetry (DSC) tests every 10 h.
After 80 h of milling time, the results of X-ray difiraction
and transmission electron microscopy analyses show that the
powder structures after 80 h milling are an amorphous

phase/3-1T1 nano-crystalline composite powder, the results of
DSC analysis shows that the melting temperature of the

melting peak of fcc CoTi, phase i the powder after 100 h
ball milling 1s 1168° C.

(3) Semisolid sintering alloy powder:

taking 20 g of the prepared alloy powder, placing 1t into
a graphite sintering mold with a diameter of ®20 mm,
wrapping the powder with tantalum paper to prevent the
reaction with impurities, firstly pre-pressing the alloy pow-
der to 50 MPa by the positive and negative graphite elec-
trode, pumping vacuum to 107 Pa, and then introducing
high purity argon gas for protection; and fast sintering by a
pulsed current, the process conditions are as follows:
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sintering equipment: Dr. Sintering SPS-825 spark plasma
sintering system

sintering processing: pulsed current

duty ratio of the pulsed current: 12:2

sintering temperature T _: 1300° C.

sintering pressure: 50 MPa

sintering time: increasing the temperature to 1200° C. for
12 minutes under the 50 MPa pressure, then increasing the
temperature to 1300° C. for 2 minutes, keeping the tem-
perature for 5 minutes, followed by cooling 1t to room
temperature with the furnace.

Obtaining a high-strength bimodal structure titanium
alloy material by sintering with a diameter of ®20 mm (the
larger the size of the mold, the greater the size of the
prepared alloy materials), and a density of 5.5 g/cm”.

The microstructure of the high-strength bimodal structure
titanium alloy obtained 1n this example comprises the ultra-
fine crystalline fcc CoTi, twin distributed along the bound-
ary of the bimodal matrix. The bimodal matrix 1s the
micrometer crystalline bee 3-11 with dispersive distribution
of nanometer acicular martensite o', which 1s different from
the dual-scare structure of titammum alloy in current reports.
It can be seen from the compressive stress-strain curve of the
titanium alloy obtained 1n this example that the compressive
fracture strength and fracture strain are 2969 MPa and
40.3% respectively, which 1s superior to the mechanical
properties of titanium alloys 1n current reports.

Example 5

(1) Mixing powder: According to the principle of two
crystalline phases of fcc CoTi, and bee 3-T1 having dis-
tinctly different melting points, choosing Ti1,,Nb, ,Cu,
Co, Als o (atom percentage) as the alloy compositions,
formulating the powder ingredients in the mass ratio of the
selected alloy system; particles with a size of 70 am 1n this
example are selected to prepare an element powder by an
atomization method, then uniformly mixing the elemental
powder 1n the powder mixer.

(2) Preparing the alloy powder by high energy ball

milling:

placing uniformly mixed powder 1n the argon-protected
planetary ball mill (QM-2SP20) for high-energy ball mill-
ing, wherein the tank body, the grinding-ball matenals and
other milling mediums are all made of stainless steel, the
diameters of the grinding balls are 15, 10 and 6 mm
respectively, and the weight ratio 1s 1:3:1. The process
parameters of the high-energy ball milling are as follows:
introducing high purity argon (99.999%, 0.5 MPa) 1nto the
ball milling talk, the ratio of ball to matenials 1s 7:1, the
speed 1s 6 1/s, taking out 3 g powder form the argon-
protected glove box to carry out X-ray Diflraction and
differential scanning calorimetry (DSC) tests every 10 h.
After 90 h of milling time, the results of X-ray diffraction
and transmission electron microscopy analyses show that the
powder structures after 90 h milling are an amorphous
phase/3-T1 nano-crystalline composite powder, the results of
DSC analysis shows that the melting temperature of the
melting peak of fcc CoTi, phase 1n the powder after 100 h
ball milling 1s 1175° C.

(3) Semisolid sintering alloy powder:

taking 20 g of the prepared alloy powder, placing it into
a graphite sintering mold with a diameter of ®20 mm,
wrapping the powder with tantalum paper to prevent the
reaction with impurities, firstly pre-pressing the alloy pow-
der to 50 MPa by the positive and negative graphite elec-
trode, pumping vacuum to 107 Pa, and then introducing
high purity argon gas for protection; and fast sintering by a
pulsed current, the process conditions are as follows:
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sintering equipment: Dr. Sintering SPS-825 spark plasma
sintering system

sintering processing: pulsed current

duty ratio of the pulsed current: 12:2

sintering temperature T_: 1350° C.

sintering pressure: 30 MPa

sintering time: icreasing the temperature to 1300° C. for
13 minutes under the 30 MPa pressure, then increasing the
temperature to 1350° C. for 1 minutes, keeping the tem-
perature for 5 minutes, followed by cooling it to room
temperature with the furnace.

Obtaiming a high-strength bimodal structure titantum
alloy material by sintering with a diameter of @20 mm (the
larger the size of the mold, the greater the size of the
prepared alloy materials), and a density of 5.5 g/cm”.

The microstructure of the high-strength bimodal structure
titanium alloy obtained 1n this example comprises the ultra-
fine crystalline fcc CoTi, twin distributed along the bound-
ary of the bimodal matrix. The bimodal matrix 1s the
micrometer crystalline bee 3-T1 with dispersive distribution
of nanometer acicular martensite ', which 1s different from
the dual-scare structure of titanium alloy 1n current reports.
It can be seen from the compressive stress-strain curve of the
titanium alloy obtained 1n this example that the compressive
fracture strength and fracture strain are 3028 MPa and
39.8% respectively, which 1s superior to the mechanical
properties of titamium alloys 1n current reports.

The 1nvention claimed 1s:

1. A preparation method for a high-strength dual-scale
titanium alloy, the high-strength dual-scale titanium alloy
comprising T1, MR, Ma, Mb and Mc;

wherein MR 1s one of Nb, Ta, Mo and V, wherein the MR
1s stable 1n [3-T1 phase and increases the melting point
of 3-T1; Ma-Mb 1s one of Cr—Co, Cu—Co, Cu—N1,
Fe—Co, Fe—In, Fe—V, Fe—Ga, Fe—Sn or Fe—Qa,
Ma and Mb being solutionized 1in each other; Mc 1s one
of Al, Sn, Ga, In, Bi1 or Sb stable 1n a-T1 phase; the
high-strength dual-scale titantum alloy comprises two
dual-scale phases including a first phase composed of
micro-crystalline equiaxed bee 3-T1 and ultrafine crys-
talline equiaxed bcc p-Ti, and a second phase com-
posed of micro-crystalline fcc Mb'Ti, and ultrafine
crystalline equiaxed ifcc MbTi,; or the high-strength
dual-scale titanium alloy comprises a dual-scale sub-
strate and ultrafine crystalline fcc Mb'1, twin crystals
distributed along the boundary of the dual-scale sub-
strate, and the dual-scale substrate comprises micro-
crystalline bee [3-T1 with nano-scale acicular martensite
a' phase distributed 1nside;

wherein the preparation method comprises:

(1) providing predetermined amounts of metal powders
according to a composition of the high-strength dual-
scale titantum alloy, such that fcc and bece crystalline
phases with different melting points are formed 1n a
subsequent sintering process 1n step (3), and uniformly
mixing the metal powders;

(2) placing the unmiformly mixed metal powders 1n an
inert-atmosphere protected ball mill for high-energy
ball milling to form nano-crystalline or amorphous
alloy powders; conducting a thermal analysis on the
nano-crystalline or amorphous alloy powders, so as to
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obtain characteristic temperatures of the melting peaks
of the icc phase with a lower melting point and the bec
B3-T1 phase with a higher melting point 1n the nano-
crystalline or amorphous alloy powders, the character-
istic temperatures including initial melting tempera-
ture, peak melting temperature and ending melting
temperature;

(3) placing the nano-crystalline or amorphous alloy pow-
ders 1n step (2) into a mold for sintering, the sintering
process comprising: (1 ) increasing the temperature to a
temperature lower than the mitial melting temperature
of the fcc phase with a lower melting point under a first
sintering pressure, and sintering the nano-crystalline or
amorphous alloy powders for densification; @ further
increasing the temperature to a semisolid sintering
temperature T, where the 1nitial melting temperature of
the melting peak of the fcc phase with a lower melting
point T <the 1nitial melting temperature of the melting
peak of the bce 3-T1 phase with a higher melting point,
and conducting a semi-solid sintering process under a
second sintering pressure of 10-500 MPa for 10 min-2
h; @ cooling to room temperature under the second
sintering pressure to obtain the high-strength dual-scale
structure titanium alloy.

2. The preparation method for the high-strength dual-
scale titammum alloy according to claim 1, wherein the
particle size of said metal powders 1n step (1) 1s 20-100 pum.

3. The preparation method for the high-strength dual-
scale titanium alloy according to claim 1, wherein said
high-energy ball milling in step (2) 1s conducted at a speed
of 2-6 r/s for 1-100 h.

4. The preparation method for the high-strength dual-
scale titanium alloy according to claim 1, wherein said mold
in step (3) 1s a graphite mold, and the first sintering pressure
1s 10-100 MPa.

5. The preparation method for the high-strength dual-
scale titanium alloy according to claim 1, wherein said mold
in step (3) 1s a tungsten mold, and the first sintering pressure
1s 60-500 MPa.

6. The preparation method for the high-strength dual-
scale titantum alloy according to claim 1, wheremn said
cooling to room temperature 1n step (3) refers to cooling 1n
a furnace or cooling at a rate of 10-250° C./muin.

7. The preparation method for the high-strength dual-
scale titamium alloy according to claim 1, wherein the
high-strength dual-scale titanium alloy comprises T1 58-70
at. %, Nb 9-16 at. %, Cu 4-9 at. %, Co 4-9 at. %, Al 2-8 at.
%, and unavoidable impurities; the high-strength dual-scale
titanium alloy comprises two dual-scale phases, including a
first phase composed of micro-crystalline equiaxed bece 3-T1
and ultrafine crystalline equiaxed bce 3-11, and a second
phase composed of micro-crystalline lath fcc CoTi, and
ultrafine crystalline equiaxed fcc CoTi,; or the high-strength
dual-scale titanium alloy comprises a dual-scale substrate
and ultrafine crystalline fcc CoTi, twin crystals distributed
along the boundary of the dual-scale substrate, and the
dual-scale substrate comprises micro-crystalline bee 3-Ti
with nano-crystalline acicular martensite o' phase distrib-
uted nside.
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